The article addresses the solution of the external orientation of the camera by means of a generic algorithm which replaces complicated calculation models using the matrix inverse. The computation requires the knowledge of four control points in the spatial coordinate system and the image coordinate system. The computation procedure fits very well computer-based solutions thanks to it being very simple.
Introduction
Genetic algorithms simulating nature's natural development as a subset of global optimization algorithms allow simple computations of optimum values based on a selected evaluation standard. The price for this simplicity, on the other hand, is very high computational demands. In more complex computations using the Least Square Method the convergent iteration computation of a set of non-linear equations, for example, requires the determination of sufficiently accurate approximate values. In numerous geodetic problems, these may be determined with ease, e.g. in the area of geodetic network adjustment, but in other applications such as photogrammetry or laser scanning, or in geometric primitives fitting in particular, this is a rather complicated and frequently also unreliable option. Together with their computational force supported by the latest computer technology, genetic algorithms theoretically offer algorithmically very simple methods allowing finding initial values for subsequent optimizations using the Least Square Method. Based on the knowledge of its mathematical nature, however, the whole problem must be simplified so that the solution time does not pose limitations to practical usability. The computation of the elements of the camera external orientation is a problem frequently solved in photogrammetry, there can be noted e.g. [1] , [2] , [3] . This problem with the availability of known approximate values and redundant numbers of measurements, it may be iteratively solved using the Least Square Method. The computation of approximate values has recently been solved several times (see [4] , [5] ), here a very simple computational procedure using the genetic algorithm is described, which will apply in the computation of the first part of the determination of the external orientation elements, namely in the computation of the projection centre coordinates. The computational algorithm is complemented with a simple computation of the camera rotation angles.
Genetic algorithms and their potential for use in geodetic computations
Genetic algorithms belong to global optimization techniques; they are based on a heuristic procedure applying the principles of evolution biology to solving complex problems. Evolution Urban, R., Štroner, M.: Genetic Algorith in Camera External Orientation processes like inheritance, mutation, crossover and natural selection are simulated there.
Principle of genetic algorithms
The principle of how a genetic algorithm works is that it gradually generates generations of different solutions to a given problem. As these solutions (populations) undergo a development, the solutions improve. The solution is traditionally represented by binary numbers, but other expressions are also used, like fields, matrices etc. In the first generation, the population is composed of more solutions created usually by random generation. In the transition into a new generation, an evaluation is computed for each solution of the population using the evaluation (so-called fitness) function, which expresses the quality of the given solution and represents natural selection. According to this evaluation, suitable solutions are selected to be reproduced (copied) into the next generation and further modified by means of mutation (random change in part of the solution) and crossover (exchange of parts of the solution between individual solutions). Thus, a new generation is generated and the solution is iteratively repeated while the population gradually improves, i.e. the quality (optimality) of the solution improves. The direction of selection and optimization are given by the evaluation function. The principles and applications of genetic algorithms and evolution procedures in general may also be found e.g. in [6] , [7] or [8] . The advantage of using these algorithms is the fact that the generation of the following solutions is a very simple random process using the generator of pseudorandom numbers; there is no need for solving optimization calculations, you just need to define the evaluation function.
General flowchart of genetic algorithms
The general process of the genetic algorithm's functioning may be described in the following six points:
1. Initiation: the zero population is generated, i.e. various random solutions are generated in the whole population numbers.
Start of iteration
• Selection of high-quality individuals with the best evaluation.
• By means of crossover, mutation and reproduction a new population is generated from selected individuals (Generation Procedure, besides, another procedure is used where only one new solution is generated to replace the worst solution in the previous generation).
• The evaluation function for the new population is computed.
3. End of cycle: unless the end condition is fulfilled, the procedure again continues with point 2.
4. End of optimization: the solution with the best evaluation is the sought solution.
The end condition may be specified by the computation time, the evaluation quality of the best solution (provided it may be defined), the total number of cycles or the total number of generations.
Advantages and disadvantages of genetic algorithms
Among the principal advantages of genetic algorithms there is the fact that no mathematical solution of the problem is necessary -what suffices is the knowledge of the evaluation function, if correctly set up the algorithms are resistant to finding only the local optimum and are very universal. The disadvantage is the problem of finding the "accurate" optimum solution; another limiting factor may be a large number of computations of the evaluation function (if it sets high demands for computing). Yet another disadvantage is its excessive universality and resulting extreme computational demands; for this reason hybrid algorithms are frequently used instead where the knowledge of the solved problem is applied.
Application to solutions of geodetic optimization problems
Optimization problems in the field of geodesy and cartography are usually solved using the Least Square Method, i.e. the optimization problem [pvv] = v T · P · v = min, where v i are corrections of measured variables (i = 1...n) and p i is the measurement weight, v is the correction vector and P is the weight matrix. For non-linear systems of equations, the iteration solution (for more detail see [9] ) is known in the form
where A is the Jacobian matrix (plan matrix) and l is the vector of reduced measurements. The corrections are determined from the formula
Part of the solution is the matrix inverse of N = A T · P·A where numerical problems occur during the solution if large numbers of measurements are solved (as discussed e.g. in [10] and applied in software in [11] ). Using the generic algorithm no inversion is necessary, only corrections are computed and, therefore, numerical problems are practically eliminated in this case.
Besides, the performance of the convergent iterative computation requires sufficiently accurate approximate values. In the case of not so extensive problems in common calculations in coordinate systems in geodesy or in smaller purpose-built networks this may be ensured by standard calculations of coordinates without any adjustment; in extensive solved systems like photogrammetric computations (see the solved problem) or in the area of 3D scanning where e.g. fitting of geometric primitives onto hundreds of thousands of points are solved, on the contrary, problems arise. Provided they are appropriately applied, genetic algorithms may be one of the ways of how to obtain these approximate values and successively perform the final optimization using standard methods. Another area of use is optimization according to a criterion which cannot be solved so simply as the Least Square Method. An example may be L1-minimization used in geodesy mainly for detecting large measurement errors, i.e. the solution of a set of equations under the condition [|v|] = |v| = min., or minimization according to another standard selected by a mere change in the evaluation function. A fitting application of genetic algorithms that cannot be solved by any other means is for example the optimization of the geodetic network configuration (see [12] ). It must, however, be pointed out that if a given problem lends itself to a satisfactory mathematical solution, in this case Figure 1 : Illustrative schema of used coordinate systems (In photogrammetry is general used the coordinate system, which z axis is oriented to zenith and y is oriented allong the normal of the image plane).
the application of genetic algorithms is generally not beneficial as it poses extreme demands for computing.
Calculation procedure of the camera projection centre position
The first part of the calculation of the external orientation elements is the determination of the position of the camera projection centre. The underlying idea of the calculation is a tetrahedron (Fig. 1) , which is delimited by the entrance pupil P and three control points A, B, C.
The symbol H refers to the principal point of the image. Then, respective direction vectors of position vectors (a, b, c), the lengths of position vectors from the entrance pupil (R a , R b , R c ) and the apex angles of position vectors (α, β, γ) in the calculated triangle are displayed. The distance of the entrance pupil from the principal point of the image is the camera constant (denoted in further calculations by symbol f ). After the third dimension is added into the image coordinate system, the direction vectors of position vectors become known and are defined by the formula 
cos γ = (c T ·a) (|c|·|a|) .
Calculation of one solution
The basic idea is the solution of a tetrahedron which in general leads to maximally two different solutions of the entrance pupil position in the respective half-plane. To be able to quite accurately determine which solution is correct, another point must be added into the calculation [13] thus three more equations must be solved. Therefore, six apex angles which may be calculated among four control points enter the calculation.
Application of a genetic algorithm
In terms of classification, a hybrid genetic algorithm is used here. The position of the entrance pupil is sought quite randomly. A random vector of a selected length is generated from the previous position. The length of the vector is decreased based on the evaluation criterion so that the optimum speed and optimum computation accuracy may be achieved. In this case, the zero generation point may conveniently be determined by graphic means -located into the correct half-plane and situated at the previously estimated camera distance from the object so that the computation will not take too long. The initial point and the random vector serve for the generation of a new point (new generation), which is checked against the evaluation criterion. If the new point meets the criterion of higher quality than the previous generation, it is adopted as the current solution. The procedure continues by the generation of another random vector and all is repeated again. If the criterion fails to be of higher quality, the algorithm continues from the previous position. The length of the random vector is decreased, always after a selected number of generations which fail to meet the evaluation criterion. It is, therefore, appropriate to select a relatively large step at the start of the computation so that the computation may converge faster. In this way, the algorithm will gradually determine the correct solution of the entrance pupil position. So that the algorithm may function correctly, it is necessary to appropriately select the number of unsuitable generations for the modification of the vector's length. The greater the number, the higher-quality the computation is, being however, also longer. The above-described algorithm may be ranked in the hybrid group. Due to the absence of a greater population and crossover the algorithm is highly sensitive to local minima; in this case, however, it may be used as there is only one minimum within the solved half-plane being thus of a global type as can be seen in Fig. 2 (the chart of contour lines was created for the algorithm testing data presented in Tab. 1). The procedure is also called "Hill Climbing" and its description including further alternatives (e.g. "Hill Climbing" with random restarts) less sensitive to the local minimum may be found in [8] .
Although the evaluation criterion checks in a simple way the approximation quality, nevertheless it cannot be interpreted in terms of the quality of the entrance pupil positioning.
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Figure 2: Global minimum of the evaluation criterion in the plane of the correct solution Therefore, the computation is terminated after the reduction of the random vector length below a certain level which thus indirectly determines the interval within which the correct solution is found.
Evaluation criterion
The principal step of the genetic algorithm consists in the specification of the criterion which will reveal whether the result is better or worse. For the computation of the external orientation, the criterion will depend on the magnitude of apex angles of position vectors. To be able to compare deviations from the correct solution, the angles calculated from coordinates must be subtracted from the correct angles from the image coordinates and the camera constant. These deviations have different signs and there are six of them in all. So that the evaluation criterion may be assessed with the best result, it is expedient to compare only one argument or one digit, doing so the resulting deviation may be characterized by the sum of individual squared deviations in the angle (which corresponds to the solution using the Least Square Method). A criterion set up in this way will decide whether the new position of the entrance pupil is of higher quality than the preceding one. The algorithm will, therefore, always retain in its memory only two positions of the entrance pupil and two evaluation criteria, which it successively evaluates.
Calculation of angles of rotation
Only three identical points are necessary for the calculation of angles of rotation. This calculation procedure is based on the publication by B. K. P. Horn [15] and [16] and allows simple determination without iteration. 
Theoretical basis
A schematic graphic representation of the problem is in Fig. 3 . The coordinates of three points in two coordinate systems (X 1 ,X 2 ,X 3 ,x 1 ,x 2 ,x 3 ) are known and the task is to find three angles of rotation (or the orthonormal matrix of rotation R).
Identical triples of points lend themselves to setting up two mutually equivalent triples of orthonormal vectors (unit, normal to each other) so that a pair of points are used for the calculation of a vector which is normalized, then by means of a third point and Gram-Smidt orthogonalization (described e.g. in [14] ) a vector normal to the first one and via a vector product a third vector are created. The mutual relationship shared by these two triples of orthonormal vectors is only rotation in space, which may be simply determined. The calculation procedure of the triple of orthonormal vectors V x for x is (for V X the procedure is identical, just with use of)
Since the following holds true
then it holds true for the calculation of R that:
hence
Urban, R., Štroner, M.: Genetic Algorith in Camera External Orientation Figure 4 : Example of correct orientation of coordinate systems corresponding to formulas and hence
Since all matrices in formula (18) are orthogonal, it also holds true for V −1
Identical triples of points
While calculating the angles of rotation the correct turning of the coordinate systems is of key importance (Fig. 3) . Further, the coordinates of three control points in the image coordinate system must be recalculated into the space behind the entrance pupil. This recalculation may be performed using the entrance pupil P, the position vectors of control points (R a , R b , R c ) and direction vectors of the position vectors (a, b, c), all modified so that they correspond to the correct turning of the coordinate systems.
Modified direction vectors according to Fig. 4 
where x i , y i are image coordinates of points and x 0 , y 0 are image coordinates of the principal point in the image.
The differences in the coordinates of control points behind the pupil are obtained by multiplying the unit direction vector (the vector marked with index 0 on the bottom right side) by the length of the position vector and by subsequent adding of the result to the coordinates of the entrance pupil P. Thus, the matrix definition of point A looks as follows
Hence the input matrices of two mutually rotated systems before orthogonalization are
Testing of the computational algorithm
The algorithm was practically tested on more different cases; the most easily explainable one is presented here. Four control points were selected on a calibration field with known spatial coordinates for the experiment (Tab. 1). The used apparatus was the Lumenera Lu125C camera (camera constant f = 2445.8997, principal point in the image x 0 = 677.1816, y 0 = 504.3293). Prior to the application of the computational algorithm the effects of radial and tangential distortion were removed from the set of image coordinates. After the computation of the complete external orientation the results were subjected to the iteration computation of the projection transformation to confirm whether the accuracy of the results would be sufficient for the iterative solution of the external orientation in bundle adjustment. The testing of the computation was performed with the initial setup of the vector's length as 0.5 m, the number of incorrect solutions of 15 for the reduction of the vector's length into one half and with a tolerance for the iteration cycle termination with the reduction of the vector's length to a value of 1E-15. Different starts in the respective half-space were selected for testing. Tab. 2 presents the deviations of the start from the correct solution in individual coordinate axes (dX, dY, dZ) and, further, for illustration, also the spatial distance from the correct solution, the number of iterations and the total time necessary for the computation of the entrance pupil position. Tab. 2 clearly shows that the computation speed depends on the distance from the correct solution (and also on the number of iterations). However, even in the case of a considerably 
Conclusion
The article presents a non-traditional method of the computation of approximate values of elements of the camera external orientation from four control points which is very simple and, at the same time, highly efficient if computer technology is used. It applies the genetic method where there is no need for the calculation of the matrix inverse or any other complicated matrix calculations. It is solely based on a repetitive generation of a random vector with a length depending on the number of previous unsuccessful attempts. The method was tested on practical examples; the results are reliable and the time of their determination depends on the accuracy of the estimated initial position of the camera entrance pupil. The procedure converges from a practically randomly set initial position.
